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Introduction 

The  proto-oncogene  bcl-2  was  originally  discovered  by  virtue  of  its  translocation  into  the 
immunoglobulin  locus  in  follicular  B-cell  lymphoma  (1).  Overexpression  of  bcl-2  under  the 
immunoglobulin  promoter  induces  follicular  hyperplasia  in  transgenic  mice,  demonstrating  the  role 
of  bcl-2  as  an  oncogene  (2,  3).  Bcl-2  is  frequently  overexpressed  in  many  human  tumors 
including  invasive  breast  cancers  (4,5).  In  vitro  studies  clearly  demonstrate  that  the  bcl-2  gene 
product  prevents  apoptosis  following  a  variety  of  stimuli  including  radiation,  hyperthermia,  growth 
factor  withdrawal  and  chemotherapeutic  drugs.  However,  high  levels  of  the  bcl-2  expression  has 
shown  a  positive  correlation  in  clinicopathological  studies,  such  as  tumor  grade  and  better  response 
to  hormonal  treatment  and  chemothearpy  (6).  It  is  now  critical  to  investigate  the  in  vivo  function  of 
bcl-2  in  human  cells  to  elucidate  the  contradiction  between  clinical  studies  and  in  vitro  studies.  We 
have  investigated  the  roles  of  bcl-2  in  breast  cancer  development  using  MCF10A  in  vitro  model 
and  MCF10AT  in  vivo  model. 

MCF10A  in  vitro  model  to  study  development  of  human  breast  cancer. 

Studies  of  the  roles  of  specific  genes  to  initiate  transformation  of  breast  epithelial  cells  have  been 
hindered  by  scarcity  of  nonmalignant  human  mammary  epithelial  cell  lines.  In  our  institution, 
MCF10A  cell  line  was  established  without  viral  or  chemical  intervention  from  immortal  diploid 
human  breast  epithelial  cells,  to  study  sequential  development  of  differentiated  or  malignant  states 
of  breast  epithelial  cells  (7).  Using  MCF10A  cells,  we  have  found  that  bcl-2  deregulates  cell  cycle 
(ref.  8  and  data  shown  below)  and  induces  partially  transformed  phenotype  as  determined  by  foci 
formation  assay  (data  not  shown).  MCF10A  cells  thus  provide  an  in  vitro  model  system  to  study 
interactions  of  oncogene-induced  signal  transduction  pathways  in  normal  breast  epithelial  cells 
leading  to  the  transformed  phenotype. 

MCF10AT  in  vivo  model  to  study  human  breast  cancer  progression 

Preneoplasia  and  progression  of  mammary  cancer  have  been  defined  almost  exclusively  by  studies 
of  mouse  hyperplastic  alveolar  nodules  (HANS).  The  HAN  lesions  in  normal  mice  are 
morphologically  similar  to  normal  mammary  tissue  in  pregnant  mice  but  are  hormone  independent 
and  carcinomas  arise  sporadically  from  a  homogeneous  field  of  morphologically  normal,  albeit 
preneoplastic,  alveolar-ductule  tissue.  Although  these  mouse  mammary  models  have  been  the 
basis  for  much  information  regarding  the  basic  biology  of  mammary  cancer,  a  number  of 
differences  in  the  histology  and  biology  of  mouse  and  human  mammary  lesions  exist.  Dr.  Miller 
(consultant  in  this  application)  and  his  colleagues  have  developed  an  in  vivo  model  system  to  study 
human  breast  cancer  progression  (9-11);  Whereas  MCF10A  cells  do  not  survive  in  vivo  in  immune 
deficient  mice,  c-Ha-ras  oncogene  transfected  MCF10A  cells  (MCFlOAneoT)  form  small  nodules 
in  Nude/Beige  mice  which  persist  for  at  least  one  year  and  sporadically  progress  to  carcinomas. 

By  establishing  cells  in  tissue  culture  from  one  carcinoma,  a  cell  line  designated  MCF10AT1  was 
derived  which  forms  simple  ducts  when  transplanted  in  Matrigel  into  immune  deficient  mice.  With 
time  in  vivo,  the  epithelium  becomes  proliferative  and  a  cribriform  pattern  develops  within  the 
xenografts.  A  significant  number  progress  to  lesions  resembling  atypical  hyperplasia  and 
carcinomas  in  situ  in  women  and  approximately  25%  continue  to  progress  to  invasive  carcinomas 
with  various  types  of  differentiation  including  glandular,  squamous,  and  undifferentiated.  Cells 
have  been  established  in  cultures  from  lesions  representing  4  successive  transplant  generations. 
With  each  generation,  cells  are  somewhat  more  likely  to  progress  to  high  risk  lesions  resembling 
human  proliferative  breast  disease.  Although  the  incidence  of  invasive  carcinoma  remains  fairly 
constant  at  20-25%,  the  frequency  of  nodules  showing  proliferative  breast  disease  rose  from  23% 
in  the  first  transplant  generation  to  56%  in  the  fourth  transplant  generation  (9-1 1)  These  cells, 
most  probably  subsequent  to  genetic  alterations,  are  capable  of  reproducing  the  pathology  of 
proliferative  breast  disease  seen  in  women  and  ultimately  progressing  to  neoplasia.  Thus,  the 
MCF10AT  model  provides  a  setting  in  which  the  steps  in  the  conversion  of  the  breast  ductal 
epithelial  cell  to  a  malignant  disease  can  be  studied. 
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Body  of  Report 

During  the  1996-1997  period,  we  have  focused  on  the  role  of  bcl-2  on  cell  cycle  regulation.  We 
have  also  established  bcl-2  overexpressing  MCF10ATG3B  cells  (the  third  transplant  generation  of 
MCF10AT  cells)  to  study  in  vivo  function  of  bcl-2. 

Methods 

Northern  blot  analysis 

MCF10A  and  bcl-2  overexpressing  MCF10A  clones  (MCF10A  bcl-2-2  and  MCF10A  bcl-2-30, 
see  ref.  8  for  establishment  of  bcl-2  overexpressing  MCF10A  cells)  were  cultured  as  previously 
described  (7).  Cells  were  growth-arrested  by  culturing  in  serum  -free  medium  for  48  hours  at 
confluency.  Cells  were  then  treated  with  regular  MCF10A  medium  containing  5%  horse  serum  to 
induce  the  cell  cycle.  At  various  times  between  0-24  hr  after  serum-stimulation,  total  cellular  RNA 
was  isolated  using  the  guanidium-thiocyanate  method.  Five  pg  of  each  sample  were  denatured  and 
separated  on  a  1%  formaldehyde-agarose  gel.  The  levels  of  p21WAFi/ciPi  mRNAs  were 
determined  as  previously  described  (8). 

Western  blot  analysis 

MCF10A,  MCF10A  bcl-2-2  and  MCF10A  bcl-2-30  cells  were  serum  starved  as  described  above. 
Quiescent  cells  were  treated  with  MCF10A  medium  to  trigger  the  cell  cycle.  At  various  times 
between  0-24  hrs,  whole-cell  extracts  were  prepared  as  previously  described  (8).  Protein 
concentrations  were  measured  using  bicinchoninic  acid  protein  assay  reagents  (Pierce,  Chicago, 
IL).  Cell  lysates  (20  jxg/lane)were  denatured,  subjected  to  SDS-PAGE  analysis,  and  then 
electrophoretically  transferred  to  nitrocellulose  membrane.  Membranes  were  incubated  with  anti- 
p21WAFi/ciPi  antibody  (Ab-1,  Oncogene  Science)  or  anti-pRb  antibody  (IF8,  Santa  Cruz 
Biotechnology).  p21WAF1/CIpi  and  pRb  proteins  were  visualized  using  HRP-conjugated  goat  anti¬ 
mouse  IgG  (1:  3000  dilution)  and  chemiluminescence  reagent  (Dupont,  Boston  MA  02118).  The 
membranes  were  exposed  to  X  ray  film  from  1  to  15  mins. 

Kinase  assay 

Cells  will  be  lysed  in  50  mM  Tris  (pH  8.0),  120  mM  NaCl,  50  mM  NaF,  0.1  mM  sodium 
vanadate,  2  mM  EDTA,  10  pg/ml  each  of  chymostatin,  leupeptin,  antipain,  and  pepstatin  A,  2 
pg/ml  4-(2-aminoethyl)benzenesulfonyl  fluoride  (Calbiochem),  and  0.4  %  Nonidet  P-40.  The 
extracts  will  be  clarified  by  centrifugation  at  14,000  rpm  for  15  min  at  4  °C.  For  each  condition, 
triplicate  plates  will  be  lysed  and  assayed  independently.  Lysates  will  be  incubated  for  1.5  h  at  4 
0C  with  monoclonal  antibody  against  cyclin  E  or  cyclin  D  (purchased  from  Santa  Cruz 
Biotechnology).  Immune  complexes  will  be  collected  using  20  pi  of  protein  G-Sepharose  and 
washed  3  times  with  1.0  ml  of  lysis  buffer  and  once  with  1  ml  of  20  mM  Tris  (pH  7.5)- 10  mM 
MgCl2-  Kinase  assays  will  be  performed  in  65  mM  K-|3-glycerophosphate  (pH  7.3),  15  mM 
MgCl2, 16  mM  EGTA,  10  mM  DTT,  1  mg/ml  ovalbumin,  0.5  mM  NaF,  0.1  mM  sodium 
orthovandate,  5  pg/ml  leupeptin,  and  [y-32p]ATP  (0.01-0.3  nCi/pmol)  using  0.1  ml  (one-tenth  of 
the  immune  complex)  and  substrates  (2.5  pM  histone  HI  for  cyclin  E  assay  or  Rb  protein  for 
cyclin  D  assay).  After  15  min  at  37  °C,  10  pi  aliquots  will  be  removed  and  spotted  on 
phosphocellulose  paper  for  quantitation,  and  the  remainder  will  be  mixed  with  2x  SDS  buffer  prior 
to  SDS-PAGE,  autoradiography,  and  quantitated  by  scanning. 

2H-thvmidine  incorporation  assay 

MCF10A,  MCF  10A  bcl-2-2  or  MCF  10A  bcl-2-30  cells  were  plated  in  24- well  plates  (2xl04  cells 
per  well)  using  regular  MCF10A  medium  containing  5%  horse  semm .  To  induce  cell-cycle 
arrest,  cells  were  washed  with  phosphate-buffered  saline  and  cultured  in  serum-free  medium  for  48 
hours.  Cells  were  then  treated  with  regular  MCF10A  medium  containing  5%  horse  serum  and 
3H-thymidine  (0.25  pCi).  At  various  times  between  0  and  48  hr,  cells  were  washed  with  cold 
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PBS,  followed  by  10%  TCA  and  methanol.  One-half  ml  of  0.5  N  NaOH  was  added  to  each  well 
and  the  cell  lysates  were  collected  in  scintillation  vials  for  counting  radioactivity.  All  experiments 
were  done  in  triplicate. 


Determination  of  cell  cycle  distribution 

Percentage  of  cells  in  each  cell  cycle  phase  was  determined  by  flow  cytometry  (PAS-II, 
Partec  AG,  Germany).  Confluent  cells  were  washed  with  PBS  and  cultured  in  serum-free  media 
for  48  hours.  To  induce  cell  cycle,  cells  were  trypsinized,  plated  at  2x10s  cells/100  mm  plate  and 
cultured  in  regular  MCF10A  medium  for  various  times  between  0-48  hr.  Cells  were  trypsinized, 
suspended  in  regular  MCF10A  medium,  centrifuged  at  150  g  for  5  min  and  fixed  with  70% 
ethanol.  The  fixed  cells  were  spun  down  and  the  cell  pellet  was  resuspended  in  Hoechst  staining 
solution  at  a  concentration  of  1  xlO6  cells/ml  and  incubated  for  3  min  at  room  temperature.  The 
staining  solution  consisted  of  3  |xg/ml  Hoechst  33258  (Sigma  Chemical  Co.,  St.  Louis,  MO)  in 
Tris  buffer  (2  mM  MgCl2, 0.1%  Triton  X-100, 154  mM  NaCl,  100  mM  Tris,  pH  7.5).  The 
stained  cells  (30,000)  were  analyzed  by  flow  cytometry.  Optical  filtration  included  a  UG-1 
excitation  filter,  a  420  nm  dichroic  filter  and  435  nm  long  pass  emission  filter.  Single-channel  data 
were  acquired  and  subsequently  analyzed  with  a  computer  program  (Phoenix  Flow  Systems,  ). 

Assay  for  growth  in  soft  agar 

Soft  agar  assays  were  performed  in  six-well  plates  using  a  1-ml  base  layer  of  0.6%  agar  in 
MCF10A  medium.  A  total  of  5000  cells  in  0.3%  top  agar  were  plated  in  each  well.  Fresh  top  agar 
was  overlaid  every  5  days.  After  2  weeks,  positive  colonies  (>0.1  mm  diameter)  were  scored  as 
previously  described  (12) 


Results 

We  previously  reported  that  bcl-2  downregulates  basal  level  expression  and  radiation- 
induced  expression  of  p21WAFi/ciPi  in  MCF10A  cells  (8).  Since  p21WAFi/ciPi  is  an  inhibitor  of 
cyclin  dependent  kinase  and  play  an  important  role  in  Gl/S  checkpoint,  we  have  investigated  the 
impact  of  bcl-2  overexpression  on  the  levels  of  p21WAFi/ciPi  expression  during  the  serum-induced 
cell  cycle.  Control  and  bcl-2  overexpressing  MCF10A  cells  were  synchronized  at  Go  as  described 
in  Materials  and  Methods.  The  levels  of  p21WAFi/ciPi  transcripts  during  the  serum-induced  cell 
cycle  are  shown  in  Fig.  1A  and  B.  When  quiescent  control  MCF10A  cells  entered  the  cell  cycle 
upon  serum  treatment,  p21WAFi/ciPi  mRNA  was  rapidly  induced  and  maintained  at  an  elevated 
level  for  more  than  6  hours.  p21WAFi/CiPi  transcript  levels  in  bcl-2  transfected  MCF10A  clones 
were  induced  upon  semm  treatment  at  a  much  lesser  extent  and  decreased  toward  basal  levels  at 
about  3  h  (note  that  RNA  at  0  hr  in  MCF10A  bcl-2-2  clone  was  overloaded  as  shown  in  lane  7  in 
Fig.  IB).  The  levels  of  bcl-2  protein  did  not  change  during  the  cell  cycle  and  the  bcl-2  protein 
levels  were  consistently  higher  in  bcl-2  transfected  cells  as  shown  in  Fig.  1C  and  D  .  The  levels 
of  p21WAFi/ciPi  protein  were  significantly  downregulated  by  bcl-2  overexpression  during  the  early 
time  points  corresponding  to  Go  and  Gi  as  shown  in  Fig  4  and  5.  This  result  suggests  that  the 
basal  level  of  p21WAFl/CiPi  expression  is  downregulated  by  bcl-2,  whereas  serum-induced 
p21WAFi/ciPi  expression  is  less  affected  by  bcl-2  overexpression. 

To  determine  the  effect  of  bcl-2  downregulation  of  p21WAFi/ciPi  0n  kinase  activity  of  the 
cyclin-dependent  kinase  (cdk)  complex  during  the  cell  cycle,  we  examined  the  status  of 
phosphorylation  of  pRb,  one  of  the  major  target  genes  of  cdks.  The  time  course  of  appearance  of 
phosphorylated  pRb  following  serum  stimulation  in  control  and  bcl-2  overexpressing  MCF10A 
cells  is  shown  in  Fig.  2.  The  hyperphosphorylated  form  of  pRb  (upper  arrowhead)  is 
distinguished  from  the  underphosphorylated  form  of  pRb  (lower  arrowhead)  by  SDS-PAGE  due 
to  differences  in  the  migration  rates.  As  shown  in  Fig  2A,  the  phosphorylated  form  of  pRb  was 
barely  detectable  after  9  hr  of  serum  treatment  in  control  MCF10A  cells.  In  contrast, 
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phosphorylated  pRb  was  detected  early  in  bcl-2  overexpressing  MCF10A  cells.  Clone  30 
contained  phosphorylated  pRb  after  7  hr  of  serum  treatment  and  clone  2  after  5  hr.  These  studies 
suggest  that  p21WAFi/ciPi  downregulation  by  bcl-2  overexpression  at  early  time  points  during 
serum-induced  cell  cycle  results  in  early  activation  of  cdks  which  phosphorylate  their  target  gene 
products,  including  pRb.  We  have  measured  activities  of  G1  cyclins  (cyclin  Di,  D2,  D3  and 
Cyclin  E)  in  vitro.  As  shown  in  Fig.  3,  Cyclin  Dl  dependent  kinase  is  activated  1.5  hr  after 
semm  stimulation  and  maintained  at  high  level  more  than  9  hours  in  bcl-2  overexpressing  cells, 
whereas  its  activity  is  transiently  induced  approximately  4  hr  after  serum  stimulation  in  the  control 
MCF10A  cells.  We  are  currently  measuring  cyclin  D2,  D3  or  Cyclin  E  dependent  kinase  activities 
in  vitro. 

Since  cdks  and  their  inhibitors  are  critical  in  controlling  precisely  the  order  and  timing  of  cell 
cycle  events,  we  next  examined  whether  activation  of  cdks  in  bcl-2  overexpressing  cells  during 
serum-induced  cell  cycle  affects  Gi  duration.  The  cell  cycle  was  induced  by  the  addition  of  serum 
in  the  presence  of  3H-thymidine.  The  onset  of  DNA  synthesis  was  determined  by  measuring 
incorporation  of  3H-thymidine  into  cells  during  the  time  period  from  0  to  48  hours.  As  shown  in 
Fig. 4,  3H-thymidine  incorporation  is  higher  in  bcl-2  overexpressing  cells  than  in  the  control  cells. 
In  addition,  half  maximal  incorporation  required  15  hours  of  serum  treatment  in  bcl-2 
overexpressing  cells,  whereas  18  hours  were  required  in  the  control  cells.  These  results  suggest 
that  bcl-2  overexpressing  cells  enter  S  phase  faster  and  in  larger  numbers  as  compared  to  the 
control  cells.  To  confirm  this  finding,  we  analyzed  cell  cycle  distribution  of  the  control  and  bcl-2 
overexpressing  MCF10A  cells  by  flow  cytometric  analysis  (Fig.  5).  To  induce  cell  cycle, 
quiescent  cells  were  trypsinized  and  replated  using  MCF10A  medium  for  various  times  between  0- 
48  hours.  At  20  hr  after  stimulation,  most  of  the  neo-resistant  marker  transfected  control  cells 
remained  in  Gl,  whereas  23-38%  of  bcl-2  transfected  cells  entered  S  phase.  Entry  into  the  cell 
cycle  was  delayed  when  determined  by  flow  cytometry  as  compared  to  the  3H-thymidine 
incorporation  assay.  We  attribute  this  difference  to  the  fact  that  the  cells  were  trypsinized  to  induce 
the  cell  cycle  for  flow  cytometry,  whereas  the  cells  were  stimulated  with  serum  without 
trypsinization  for  the  3H-thymidine  incorporation  assay.  Although  bcl-2  overexpressing  cells  enter 
S  phase  faster  from  quiescent  phase,  the  rate  of  cell  proliferation  is  not  increased  (data  not  shown). 

Anti-oncogenic  activities  of  p53  and  pRb  appear  to  be  related  to  their  abilities  to  control  the 
cell  cycle  (13-20).  Since  our  studies  suggest  that  bcl-2  overexpression  deregulates  activities  of 
these  molecules,  we  wished  to  examine  the  effects  of  bcl-2  overexpression  on  transformation  of 
breast  epithelial  cells.  To  develop  in  vivo  model  to  study  the  roles  of  bcl-2,  we  have  transfected 
bcl-2  into  MCF10ATG3B  cells  (the  third  transplant  generation  of  MCF10AT  cells).  Bcl-2 
transfected  MCFlOAneoT  cells  were  selected  for  hygromycin-resistant  phenotype  and  levels  of 
bcl-2  expression  were  determined  by  western  blot  analysis  (Fig.  6).  We  then  investigated 
whether  bcl-2  enhances  transformed  phenotype  of  breast  epithelial  cells  in  MCF10ATG3B  cells. 
To  address  this,  we  determined  anchorage-independent  growth  in  soft  agar.  As  shown  in  Fig.  7, 
Bcl-2  expressing  cells  form  colonies  at  an  average  efficiency  of  20-22%,  whereas  control 
MCF10ATG3B  cells  have  an  average  colony  efficiency  of  less  than  2%. 
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A.  MCF10A  MCF10A  bcl-2-2  MCF10A  bcl-2-30 
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Fio  1  Fffects  of  bcl-2  overexpression  on  serum-induced  p21WAFl/CIPl 
expression  during0  the  C cell  cycle.  A.  Northern  blot  analysis  of  p21WAFl,C.Pl.  Confluent 
control  MCF10A  (lanes  1-6),  bcl-2  overexpressmg  MCF10A  clone  2  (lanes  7-12)  and  done 
/i  i  o  i  o\  were  cultured  in  serum  free  DMEM/F12  medium  for  48  hours.  At  various 
pofnts  Iteiemm  —  t?o"s  1.7  and  13);  30 min  (lanes  2,  8  and  14);  3  hr  (lanes  3, 9, 
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and  15);  6  hr  (lanes  4,  10  and  16);  12  hr  (lanes  5,  11  and  17);  24  hr  (lanes  6,  12  and  18), .total 
RNAs  were  extracted  .  The  levels  of  p21WAF1/cipi  ipiA  were  detected  using  human  p 
cDNA  probe.  B.  In  order  to  confirm  the  amount  and  quality  of  RNAs  loaded  in  each  lane,  RNAs 

were  stained  with  ethidium  bromide.  Top  panels  in  C  and  D.  Western  blot  analysis  o 

p21WAFi/ciPi.  MCF10A  (C)  and  bcl-2  overexpressing  MCF10A  clone  2  (D)  were  arrest  at  Go  as 
described  above.  At  various  time  points  after  serum  treatment  [0  hr  (lanes  1);  5  hr  (lanes  _);  7  hr 
(lanes  3);  9  hr  (lanes  4);  12  hr  (lanes  5);  15  hr  (lanes  6);  18  hr  (lanes  7);  24  hr  (lanes  8)].  Bottom 
panels  in  C.  and  D.  In  order  to  confirm  the  amount  of  proteins  loaded  in  each  lane  the  identical 
blots  were  probed  with  anti-glyceraldehyde  3-phosphate  dehydrogenase  (GAPDH)  antibody 
(Biologicals). 


MCF10A 

bcl-2-2 


MCF10A 

bcl-2-30 


Fie.  2.  Effects  of  bcl-2  overexpression  on  phosphorylation  of  pRb  during  the 
cell  cycle.  Confluent  control  MCF10A,  bcl-2  overexpressing  MCF10A  clone  2  and  clone  30 
were  cultured  in  serum  free  DMEM/F12  medium  for  48  hours.  At  the  indicated  times  after  serum 
treatment,  cells  were  lysed  using  SDS-sample  buffer.  Hyperphosphorylated  form  of  pRb  (slowly 
migrating  form)  and  hypophosphorylated  form  of  pRb  (indicated  as  arrowheads)were  detected 
using  anti-pRb  antibody  (Oncogene  Science)  on  a  6%  polyacrylamide  gel. 
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Fig.  4.  3H-thymidine  incorporation  assay  to  determine  the  onset  of  DNA 
synthesis.  Control  MCF10A  and  bcl-2  overexpressing  MCF10A  clone  30  were  cultured  in 
serum  free  DMEM/F12  medium  for  48  hours.  At  the  indicated  times  after  serum  treatment  in  the 
presence  of  3H-thymidine,  incorporation  of  3H-thymidine  into  cells  was  measured  during  the  time 
points  from  0  to  48  hours.  Experiments  were  performed  in  triplicate. 
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%  of  S  PHASE  0/0  of  G1  PHASE 


0  10  20  30  40  50  HOURS 


Fig.5.  Cell  cycle  distributions  during  serum-stimulated  cell  proliferation. 

Percentages  of  cells  in  Gi  (A)  or  in  S  phase  (B)  were  plotted  against  time  after  releasing  from 
serum  starvation.  Neo,  the  neo-resistant  marker  transfected  MCF10A  cells;  bcl-2-#2  and  bcl-2- 
#30,  bcl-2  overexpressing  MCF10A  clones 
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| - Bcl-2  TG3B  - 1 

TB3B  #1  #2  #3  #4  #5  #7  #9 

Bcl-2 


| -  Bcl-2  TG3B  - 1 

TG3B  #1  #2  #3  #4  #5  #7  #9 


Beta  actin 


Fig.  6.  Western  blot  analysis  of  the  bcl-2  protein.  The  total  protein  from  control  (lane 
1)  and  bcl-2  transfected  MCF10ATG3B  clones  (lanes  2  to  8)  were  extracted.  Levels  of  bcl-2 
protein  were  determined  using  anti-bcl-2  Ab.  To  confirm  the  amount  of  protein  loaded  in  each 
lane,  the  identical  blot  was  probed  anti-Beta  actin  Ab. 


Bcl-2  in  Transformation  of  TG3B  cells 


Control  vector  bcl-2  #1  bcl-2  #3 


Fig.  7.  Bcl-2  induces  transformed  phenotype  in  MCF10ATG3B  cells.  Control 
(hygromycin-resistant  marker  vector  transfected)  and  bcl-2  overexpressing  MCF  10ATG3B  cells 
(clone  1,  3, 5, 9),  were  assayed  for  their  abilities  to  grow  in  soft  agar  as  a  measurement  of 
anchorage  independent  growth. 
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Conclusion 

The  roles  of  bcl-2  in  the  regulation  of  apoptosis  and  cell  cycle  regulation  have  been 
intensively  studied  using  a  variety  of  cell  lines  (largely  hematopoietic  cells).  Mazel  et  al.  (21)  and 
Linette  et  al.  (22)  recently  reported  that  increasing  the  levels  of  bcl-2  results  in  an  increase  in  the 
length  of  Gi  phase  in  mouse  T  cells  and  isogenic  FDC-P1  myelocytic  cell  lines.  In  these  cells,  bcl- 
2  upregulates  the  cdk  inhibitor  of  p27Kipi,  but  not  p21WAFi/ciPi(22),  and  results  in  a  decrease  in 
the  ratio  of  hyperphosphorylated  pRb  /hypophosphorylated  pRb  (21).  These  findings  lead  to  the 
hypothesis  that  bcl-2  inhibition  of  apoptosis  is  related  to  its  ability  to  delay  the  cell  cycle  entry  into 
S  phase,  which  allows  additional  time  for  the  cells  to  prepare  for  DNA  synthesis  and/or  repair 
DNA  damage  (21). 

In  human  breast  epithelial  cells,  however,  we  found  the  opposite  effect  of  bcl-2  on  the  cell 
cycle  entry  into  S  phase.  Recently,  bcl-2-mediated  upregulation  of  Gi  cyclin  activities  and 
hyperphosphorylation  of  pRb  were  also  reported  in  human  prostate  cancer  cell  (LNCaP)  (23). 
These  suggest  that  the  effects  of  bcl-2  on  cell  cycle  regulation  may  differ  depending  on  cell  types 
(e.  g.  hematopoietic  cell  vs.  epithelial  cell)  and/or  species .  Involvement  of  bcl-2  in  cancer 
development  was  believed  to  result  from  its  ability  to  prevent  cell  death  (thereby  increase  cell 
number).  However,  our  results  suggest  that  bcl-2  in  breast  epithelial  cells  may  be  involved  in  the 
transformation  process,  possibly  through  deregulation  of  cell  cycle.  Thus,  it  will  be  important  to 
understand  the  biochemical  and  pathological  effects  of  bcl-2  expression  in  human  breast  epithelial 
cells  to  understand  human  breast  disease. 

We  will  continue  to  investigate  the  roles  of  bcl-2  on  cell  cycle  regulation  and  transformation 
of  breast  epithelial  cells.  As  proposed  in  the  original  application,  we  will  also  investigate  the  bcl-2 
effect  on  radiation  induced  transformation.  In  the  next  funding  period,  we  would  like  to 
investigate  the  roles  of  bcl-2  in  vivo  using  MCF10AT  model  (MCF10ATG3B  cells). 
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Budget  Justification 

Funding  period  of  CDA  (DAMD17-96-1-6181):  8/1/96-7/31-00 

Research  Support  Requested:  Yr.  2:  2/1/98  to  7/31/98 

Yr.  3:  8/1/98  to  7/3 1/99 
Yr.  4:  8/1/99  to  7/31/00 

Personnel 

Hyeong-Reh  Choi  Kim,  Ph.D. 

Role  on  Project:  P.I. 

Additional  Salary  requested:  none 

P.I.  will  be  responsible  for  the  entire  project  and  personnel.  She  will  design,  supervise  and 
perform  the  experiments. 

Kazi  H.  Rahman,  M.S. 

Role  on  Project:  Research  Assistant 
Salary  requested  50% 

Mr.  Rahman  will  assist  P.I.  to  perform  experiments  including  western  and  northern  blotting, 
kinase  assay  and  animal  experiments. 
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$7030  to  purchase  185  mice  ($38.00  x  185);  $2812/yr 

$22,285  for  animal  maintenance  for  2.5  years  (4-8  animals/cage);  $1.32  per  cage/day 

Tissue  Culture  Reagents  (to  purchase  media,  serum,  growth  factors  to  supplement  MCF10A 
media,  plasticwares):  $3,000/yr 

Molecular  Biology  Reagents  (to  purchase  antibodies,  Rb  substrates,  HI  substrates,  radioisotope, 
immunostaining  kits):  $3,000/yr 

Data  management 

The  four  treatment  conditions,  MCF10ATG3B  cells  with  and  without  radiation  (2 
conditions)  andbcl-2  overexpressing  MCF10ATG3B  cells  with  and  without  radiation  (2 
conditions),  with  at  least  36  animals  in  each  group,  will  be  compared  using  the  incidence  of 
carcinoma  (significant  increase  of  incidence  of  invasive  carcinoma  from  25  %  to  at  least  40  % )  at 
the  end  of  the  experiment.  A  chi-square  test  for  independence  (equality  of  the  proportion  of  mice 
with  carcinoma)  will  be  used  to  identify  any  significant  differences  among  the  groups.  The  overall 
chi-square  test  is  expected  to  have  a  power  of  90%  against  an  alternative  where  the  proportion  of 
lesions  that  are  carcinoma  is  0.25  in  the  control  group  and  this  proportion  is  at  least  0.40  in  the 
remaining  three  groups. 

An  conservative  significance  of  0.01  for  this  experiment  was  selected  to  adjust  for  three 
comparisons  (Bonferroni’s  technique  would  suggest  a  significance  level  of  0.013  for  three 
comparisons).  The  three  comparisons  that  are  planned  are:  MCF10AT3  cells  without  radiation  and 
bcl-2  overexpressing  MCF10AT3  cells  without  radiation  (experimental  goal  1),  MCF10AT3  cells 
without  radiation  and  MCF10AT3  cells  with  radiation  (experimental  goal  2),  and  bcl-2 
overexpressing  MCF10AT3  cells  without  radiation  and  bcl-2  overexpressing  MCF10AT3  cells 
with  radiation  (experimental  goal  3). 

Our  evaluation  of  the  four  groups  will  also  include  differences  between  the  four  groups 
using  characteristics  of  the  lesions  (histology)  as  well  as  parameters  related  to  disruption  of  the 
basement  membrane  and  metastatic  ability.  Categorical  methods  will  be  used  for  the  ordinal 
variables  and  analysis  of  variance  for  continuous  variables.  In  addition  to  characteristics  of 
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lesions,  we  will  evaluate  the  rate  of  change  in  the  sizes  of  the  tumors  (diameter)  using  regression 
analysis. 

40  mice  will  be  used  to  examine  the  transforming  ability  of  control  and  bcl-2  overexpressing 
MCF10ATG3B  cells  with  or  without  irradiation  in  vitro  (as  proposed  in  the  specific  aim  2  in  the 
original  application) 
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Abstract 

Galectin-3,  a  P-galactoside-binding  protein,  has  been  shown  to  be  involved  in  tumor  progression  and 
metastasis.  Here,  we  demonstrate  that  expression  of  galectin-3  in  human  breast  carcinoma  BT549 
cells  inhibits  cisplatin  (CDDP)-induced  Poly  (ADP-ribose)  polymerase  (PARP)  degradation  and 
apoptosis,  without  altering  BcI-2,  Bcl-XL  or  Bax  expressions.  Galectin-3  contains  the  NWGR 
amino  acid  sequence  conserved  in  the  BH1  domain  of  bcl-2  gene  family  and  a  substitution  of 
glycine  to  alanine  in  this  motif  abrogated  its  anti-apoptotic  activity.  Our  findings  demonstrate  that 
galectin-3  inhibits  apoptosis  through  a  cysteine  protease  pathway  and  highlight  the  functional 
significance  of  the  NWGR  motif  in  apoptosis  resistance  of  non-Bcl-2  protein. 
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A  number  of  antineoplastic  agents  have  been  developed  for  the  eradication  of  malignancies 
but  successful  chemotherapy  still  depends  on  the  control  of  multidrug  resistance  since  failure  may 
lead  to  mortality.  For  example,  c/s-Platinum  (II)  Diammine  Dichloride  (CDDP),  a  potent  anticancer 
compound,  which  functions  through  interstrand  DNA  crosslinks  and  the  induction  of  apoptosis  (1), 
has  improved  the  outcome  of  many  cancers,  but  the  mechanism(s)  of  CDDP  resistance  remains  to 
be  defined. 

Expression  of  galectin-3,  a  Mr  3 1  kDa  carbohydrate-binding  protein  (2),  correlates  with 
climcopathological  features  in  head  and  neck  cancer  (3),  thyroid  cancer  (4),  gastric  cancer  (5),  and 
colon  cancer  (6).  In  several  experimental  tumor  systems  galectin-3  expression  is  related  to  the 
metastatic  potential  (7,8).  Recently  it  has  been  suggested  that  galectin-3  may  inhibit  apoptosis 
through  interactions  with  complementary  carbohydrates  (9)  or  with  the  anti-apoptotic  protein,  Bcl-2 
(10).  Galectin-1  and  -9  have  been  reported  to  induce  apoptosis  (11),  suggesting  that  some  members 
of  the  galectin  family  are  involved  in  the  regulation  of  apoptosis.  Moreover,  a  domain  in  the 
car b oxy-terminus  of  galectin-3  was  found  to  have  a  significant  sequence  similarity  with  the  BH1 
domain  of  the  Bcl-2  family  of  proteins  containing  the  NWGR  motif  (10),  which  is  responsible  for 
the  anti-apoptotic  activity  of  Bcl-2.  Further  investigation  was  thus  prompted  to  establish  a  possible 
role  of  galectin-3  in  the  mechanism  of  drug-induced  apoptosis.  To  this  end  we  have  used  the 
recently  identified  galectin-3  null  cells,  i.e.,  the  human  breast  carcinoma  BT549  cells. 

In  this  study  we  demonstrate  that  expression  of  galectin-3  in  human  breast  carcinoma  BT549 
cells  inhibits  CDDP-induced  Poly  (ADP-ribose)  polymerase  (PARP)  degradation  and  apoptosis,  and 
that  the  NWGR  motif  of  galectin-3  is  required  for  its  anti-apoptotic  activity,  as  determined  by 
analysis  of  a  mutagenesis  study  showing  that  an  amino-acid  substitution  of  glycine  to  alanine  at 
position  1 82  abrogates  its  function. 

Human  breast  carcinoma  BT549  cell  clones  transfected  with  plasmid  DNA  containing  inserts 
in  either  the  sense  (11811,  11913,  11914)  or  the  antisense  control  (41421)  orientation  encoding 
human  galectin-3  were  established  from  the  galectin-3  null  parental  cells  as  previously  reported  (8). 
Here  we  confirmed  galectin-3  expression  in  the  parental  BT549  cells,  and  its  clones  41421  and 
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11914  by  Western  blot  analysis.  Only  sense  transfected  clones  such  as  1 1914  cells  expressed 
galectin-3,  while  the  other  two  cell  types  remained  galectin-3  null  (Fig.  1  A). 

To  test  the  effect  of  galectin-3  expression  in  CDDP-induced  cytotoxicity,  we  treated  all 
clones  with  or  without  CDDP  (12),  and  cell  viabilities  were  subsequently  evaluated  by  trypan  blue 
dye  exclusion  test.  After  an  exposure  to  25yuM  CDDP,  cell  death  was  predominantly  observed  in 
parental  BT549  and  41421  cells  when  compared  with  11811,  11913  and  11914  cells  (Fig.  IB). 
Parental  BT549  and  41421  cells  showed  similar  sensitivity  to  CDDP  treatment ;  A  72  hour  exposure 
to  CDDP  exhibited  a  decrease  in  viability  to  less  than  30%  of  the  parental  BT549  and  41421  cells, 
while  more  than  60%  of  all  galectin-3  expressing  clones  remained  viable  even  after  a  72  hour 
exposure  with  the  same  CDDP  concentration. 

To  assess  whether  CDDP-treated  cells  underwent  apoptosis,  cells  were  stained  with  the  DNA 
binding  dye  (propidium  iodide)  and  subjected  to  flow  cytometric  DNA  analysis.  The  apoptotic 
subpopulation  can  be  detected  as  the  appearance  of  a  discrete  peak  and  increased  fluorescence  in 
sub-G,  cell  cycle  region  in  the  DNA  histogram.  It  has  been  shown  that  the  sub-G,  peak  derives  from 
cells  in  G0/Gl  region  which  undergo  apoptosis,  and  a  decrease  in  Q/Q  DNA  content  results  from 
partial  digestion  or  modification  during  apoptosis  (13).  Sub-G!  population  of  the  galectin-3  null 
parental  BT549  and  41421  cells  occupied  greater  than  30%  of  the  DNA  histogram  after  a  72  hour 
exposure  to  a  concentration  of  25/^M  of  CDDP,  while  that  of  1 1914  cells  occupied  not  more  than 
20%  (Fig.2D,2E,2F).  To  further  investigate  apoptotic  features  including  nuclear  condensation  and 
fragmentation,  CDDP-treated  cells  were  visualized  by  fluorescence  microscopy  following 
paraformaldehyde  fixation  and  staining  with  the  DNA-binding  fluorochrome  bis  (benzimide) 
trihydrochloride  (Hoechst  33258).  This  procedure  revealed  the  presence  of  ffagmentated  as  well  as 
abnormally-shaped  condensed  chromatin  both  of  which  are  characteristic  of  apoptosis.  As  shown 
in  Fig.2G,  2H,  and  21,  death  in  all  three  types  of  cells  involved  apoptosis.  More  than  40%  of  CDDP- 
treated  parental  BT549  cells  exhibited  nuclear  morphologies  which  are  indicative  of  apoptosis 
DNA  fragmentation  and  condensed  chromatin  (Fig.2G).  Similar  patterns  of  chromatin  condensation 
and  nuclear  fragmentation  were  seen  in  CDDP-treated  41421  cells  (Fig.2H).  However,  CDDP- 
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treated  11914  cells  were  morphologically  different  from  that  of  the  other  two  cell  types  .  more 
visible  nucleoli  mostly  without  altered  chromatin  structure  (Fig.2I).  When  considered  together  with 
the  result  of  flow  cytometry,  apoptosis  was  largely  observed  in  galectin-3  null  parental  BT549  and 
41421  cells,  yet  largely  absent  in  galectin-3  expressing  11914  cells. 

We  further  evaluated  whether  expression  of  galectin-3  in  BT549  cells  resulted  in  altered 
expression  of  the  Bcl-2  family  of  proteins  since  previous  studies  had  revealed  that  an  elevated  Bcl-2 
level  influenced  the  cell  survival  effect  (16).  Galectin-3  null  and  positive  cell  clones  showed  no 
difference  in  the  level  of  Bcl-2  expressions  (Fig.  1  A),  and  likewise  no  significant  difference  in  the 
level  of  the  BcI-Xl  and  Bax  expressions  among  these  three  cell  clones  was  observed  (data  not 
shown).  These  expressions  were  not  altered  by  a  72  hour  exposure  to  25/zM  CDDP  (data  not 
shown).  We  then  questioned  the  possibility  that  galectin-3  might  regulate  apoptosis  through 
interactions  with  members  of  the  Bcl-2  family  of  proteins,  but  a  complex  formation  between 
galectin-3  and  Bcl-2  or  Bax  in  11914  cells  could  not  be  established  by  co-immunprecipitation  assay 
(data  not  shown). 

PARP  is  a  substrate  for  mammalian  cell  death  proteases  and  is  degraded  by  activated  cysteine 
proteases  of  the  interleukin- ip  converting  enzyme  (\CE)!ced-3  family  including  CPP32/Yama 
(caspase-3)(14,15).  Degradation  of  PARP  is  a  characteristic  feature  of  the  early  stage  of  apoptosis 
and  leads  to  inhibition  of  DNA  repair,  activation  of  an  endonuclease,  and  eventually  to  cell  death 
(17).  To  further  study  the  involvement  of  galectin-3  in  the  apoptosis  pathway,  we  examined 
expressions  of  intact  and  cleaved  PARP  before  and  after  a  72  hour  exposure  to  CDDP,  showing  that 
CDDP  induced  the  cleavage  of  intact  PARP  (116  kDa)  into  the  inactive  fragment  (85  kDa)  in 
galectin-3  null  parental  BT549  and  41421  cells  but  not  in  galectin-3  expressing  1 1914  cells  (Fig. 3) 
Interestingly,  the  levels  of  precursor  CPP32/Yama  in  parental  BT549  and  41421  cells  attenuated 
after  a  72  hour  exposure  to  CDDP,  when  compared  to  expression  in  11914  cells.  This  suggests 
activation  ofCPP32/Yama  in  galectin-3  null  parental  BT549  and  41421  cells  manifested  itself  as  an 
active  form  of  20  kDa. 

The  human  proto-oncogene  bcl-2  and  the  Caenorhabditis  elegans  gene  ced-9,  both  of  which 
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protect  cells  from  apoptosis  (18),  are  classified  in  the  same  gene  family  (19).  Previous  reports 
demonstrated  that  a  substitution  of  glycine  in  the  NWGR  motif  of  BcI-2  BH1  domain  and  its  highly- 
conserved  motif  of  ced-9  resulted  in  the  loss  of  anti-apoptotic  activity  of  Bcl-2  and  its  binding 
activity  to  Bax  (20).  The  BH1  domain  in  the  Bcl-2  family  of  proteins  and  its  partial  homology  with 
the  caiboxy-terminus  of  galectin-3  indicate  that  the  highly-conserved  NWGR  motif  might  be  critical 
to  the  apoptotic  function  of  galectin-3  (Fig.4A).  To  determine  the  significance  of  the  NWGR  motif 
in  galectin-3,  mutant  galectin-3  (glycine  182  to  alanine)  was  generated  by  PCR-mediated  site- 
directed  mutagenesis  techniques.  Three  stable  transfectants  showed  differences  in  expression  of 
mutant  galectin-3;  clone  5  expressed  mutant  galectin-3  at  the  highest  level  (most  among  the  three) 
and  its  expression  was  as  strong  as  that  of  the  wildtype  11914  cells  (Fig.4B).  Simultaneously  we 
examined  the  expression  of  Bcl-2,  but  no  alteration  in  Bcl-2  expression  was  detected  following  the 
introduction  of  mutant  galectin-3  (data  not  shown).  To  evaluate  its  function  in  CDDP-induced 
apoptosis,  we  treated  three  stable  clones  with  25^M  CDDP  for  72  hours,  and  time-dependent  cell 
viability  of  clones  expressing  mutant  galectin-3  with  CDDP  treatment  was  assessed  and  compared 
with  parental  and  the  galectin-3  wildtype  transfected  BT549  cells  (Fig.4C).  Three  clones  and 
parental  BT549  cells  revealed  a  similar  sensitivity  to  CDDP,  with  clone  5  demonstrating  the  most 
susceptibility  to  CDDP  among  the  clones.  Next,  we  stained  CDDP-treated  cell  clones  with 
propidium  iodide  for  the  analysis  of  sub-G,  content  in  DNA  histogram,  and  with  Hoechst  33258  for 
the  assessment  of  chromatin  condensation  and  fragmentation.  All  galectin-3  mutant  clones  displayed 
similar  features  of  apoptosis  as  observed  in  parental  BT549  and  41421  cells  (data  not  shown).  In 
addition,  all  of  the  galectin-3  mutant  clones  underwent  activation  of  CPP32/Yama  and  proteolytic 
cleavage  of  PARP  after  72  hours  of  CDDP  exposure  (Fig.5).  Taken  together,  these  findings  indicate 
that  introduction  of  mutant  galectin-3  resulted  in  failure  to  inhibit  CDDP-induced  apoptosis  in 
BT549  cells,  and  that  the  NWGR  motif  of  galectin-3  is  critical  for  its  anti-apoptotic  function  as  of 
Bcl-2  protein. 

The  results  indicate  galectin-3  confers  apoptosis  resistance  to  CDDP  in  a  cysteine  protease 
dependent  manner,  similarly  to  Bcl-2  (15).  It  remains  possible  that  galectin-3  can  replace  or  mimic 
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Bcl-2  leading  to  the  inhibition  of  CDDP-induced  apoptosis  involving  CPP32/Y ama  protease 
activation  and  PARP  degradation. 

Mutagenesis  studies  revealed  that  like  Bcl-2  or  ced-9,  galectin-3  regulates  its  anti-apoptotic 
activity  through  the  glycine  residue  of  the  NWGR  motif.  It  has  been  previously  demonstrated  that 
synthetic  glycoamines  or  glycosylated  molecules  such  as  Mac-2  binding  protein  could  regulate 
homotypic  aggregation  through  their  interactions  with  galectin-3  (21),  and  it  was  suggested  that  the 
disruption  of  galectin-3 -mediated  cell-cell  interactions  on  the  cell  surface  resulted  in  induction  of 
apoptosis  in  murine  melanoma  B 1 6-F 1 0  (9).  The  results  from  the  carboxy-terminus  mutation  raises 
the  possibility  that  substitution  of  the  glycine  residue  may  change  the  affinity  to  carbohydrates  on 
the  cell  surface,  block  galectin-3  mediated  cell-cell  interaction,  and  cause  the  loss  of  anti-apoptotic 
function  of  galectin-3.  However,  our  preliminary  study  showed  that  in  parental  BT549  cells,  CDDP 
activity  was  not  inhibited  by  exogenously  added  recombinant  wildtype  galectin-3  with  a 
concentration  of  10^g/ml.  This  finding  indicates  that  the  role  of  galectin-3  in  apoptosis  is  more 
likely  to  involve  a  mechanism  in  the  intracellular  compartment  rather  than  on  the  cell  surface.  It 
is  now  well  accepted  that  the  Bcl-2  is  localized  at  the  mitochondrial  membrane  and  regulates 
apoptosis  by  blocking  the  effect  of  cytochrome  c  from  it  (22).  However,  galectin-3  was  localized 
at  nuclease,  cytoplasm,  cell  surface  or  secreted,  but  not  to  the  golgi  apparatus  or  the  mitochondria. 
This  suggests  that  the  two  proteins  regulate  their  anti-apoptotic  activities  at  different  cellular 
compartments. 

It  should  be  emphasized  that  galectin-3  does  not  belong  to  the  Bcl-2  gene  family  since  they 
share  less  than  30%  homology  (10).  However,  whether  or  not  they  have  merged  from  a  common 
ancestral  gene  containing  the  NWGR  motif  remains  unknown,  and  it  should  be  noted  that  among 
the  galectin  family  of  proteins  only  galectin-3  contains  the  Bcl-2  NWGR  motif.  In  summary,  we 
show  here  that  galectin-3  is  a  novel  anti-apoptotic  molecule,  which  like  Bcl-2  acts  through  cysteine 
protease  pathways,  this  finding  may  lead  to  the  development  of  new  reagents  to  overcome  tumor 
cells’  multi-drug  resistance,  and  contribute  to  the  understanding  of  the  role  of  galectin-3  in 
metastasis. 
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Figure  Legend 

Figure  1. 

(A)  Galectin-3  and  Bcl-2  expressions  in  untreated  BT549  cells  and  transfectants.  Western  blot 
analysis:  5xl06  cells  were  pelleted  by  centrifugation,  washed  with  calcium-magnesium  free 
phosphate  buffered  saline  (CMF-PBS)  pH  7.4,  and  subsequently  lysed  in  1ml  reducing  SDS- 
polyacrylamide  gel  electrophoresis  (PAGE)  sample  buffer  (2%  SDS,  62.5mM  Tris-HCl  pH  6.8,  10% 
glycerol,  5%  P-mercaptoethanol).  Then  cell  lysates  were  agitated  overnight  at  room  temperature,  and 
stored  at  -70°C  until  use.  For  Western  blot  analyses,  approximately  20//g  of  total  proteins  were 
boiled  for  5  min,  separated  on  reducing  15%  SDS-PAGE  and  blotted  onto  a  nitrocellulose 
membrane.  Blots  were  probed  with  rat  anti-galectin-3  (American  Type  Culture  Collection, 
Rockville,  MD)  or  mouse  anti-Bcl-2  antibody  (Dako,  Carpinteria,  CA)  according  to  the  ECL 
(Amersham,  Buckinghamshire,  England)-Westem  procedure.  Human  breast  carcinoma  MCF-7  and 
lymphoma  WSU-CLL  were  used  as  positive  controls  of  galectin-3  and  Bcl-2,  respectively.  These 
results  were  representative  of  three  separate  experiments.  Galectin-3  and  Bcl-2  expressions  in 
untreated  cells  were  also  confirmed  by  Northern  blot  analyses  (data  not  shown). 

(B)  Cell  viability  of  parental  BT549  ( — ■ — ),  antisense  transfectant  41421  ( — * — ),  and  sense 
transfectants  11811  (— a—  ),  1 1913  (— v— )  and  1 1914  cells  with  25^M  CDDP  treatment 

in  time-dependent  manner.  Cells  were  cultured  with  or  without  CDDP  (12),  and  harvested  as 
previously  described  (24),  and  cell  viability  was  determined  using  trypan  blue  dye  exclusion  test. 
Data  are  the  mean  ±  s.d.  of  triplicate  determinations  from  three  separate  experiments. 

Figure  2. 

Flow  cytometric  cell  cycle  histograms  of  ethanol-fixed  parental  BT549  and  transfectants  stained 
with  50//g/ml  propidium  iodide  before  [parental  BT549  (A),  41421  (B),  11914  (C)]  and  after 
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treatment  with  25//M  CDDP  for  72  hours  [parental  BT549  (D),  41421  (E),  1 1914  (F)]  (13).  Cells 
with  or  without  CDDP  treatment  were  fixed  with  80%  ethanol  at  4°C  for  30min,  washed  with  CMF- 
PBS  pH7.4,  and  resuspended  with  50/^g/ml  propidium  iodide  (Coulter  Immunology,  Hialeah, 
FL)diluted  with  CMF-PBS  pH7.4  containing  0. 1%  Triton  X-100, 0.  ImM  EDTA  pH8.0,  and  50/ug/ml 
RNase  A.  Then  samples  were  agitated  at  4°C  for  not  less  than  15min  prior  to  analysis  with  flow 
cytometry.  Asterisk  represents  cells  in  the  sub-G,  region  that  have  undergone  chromatin  degradation 
associated  with  apoptosis. 

Morphological  changes  associated  with  apoptosis  in  parental  BT549  cells  (G)  and  tranfectants 
[41421(H),  1 1914  (I)]  treated  with  25/iM  CDDP  for  72  hours.  Briefly,  1  *  1 06  of  CDDP-treated  cell 
pellets  were  collected  by  centrilugation  at  2000rpm  for  5min,  and  fixed  with  3%  paraformaldehyde 
at  room  temperature  for  lOmin.  Then  cells  were  washed  with  CMF-PBS  pH7.4,  and  stained  dark 
with  8/zg/ml  Hoechst  33258  in  CMF-PBS  pH7.4  at  room  temperature  for  15min.  Samples  were 
loaded  on  the  glass-slide  coated  with  3-aminopropyl-trimethoxysilane  (Sigma,  St.  Louis,  MO),  and 
chromatin  fragmentation  as  well  as  its  condensation  in  apoptotic  cells  were  observed  through 
fluorescence  microscopy  with  UV  filter  (25). 

Figure  3. 

Cleavage  of  the  DNA  repair  enzyme,  PARP  and  precursor  CPP32/Yama  expressions  in  parental 
BT549  cells  and  transfectants  exposed  to  CDDP.  Before  and  after  the  treatment  with  25/zM  CDDP 
for  72  hours,  proteins  from  cell  lysates  were  electrophoresed  on  reducing  8%  or  15%  SDS-PAGE, 
transferred  to  nitrocellulose,  and  probed  with  mouse  anti-PARP  antibody  (Biomol  Research  Meeting, 
PA)  or  goat  anti-CPP32/Y ama  antibody  (Santa  Cruz  Biotech,  Santa  Cruz,  CA),  respectively.  The 
amount  of  protein  used  was  same  as  described  in  Fig.  1  A. 

Figure  4. 
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Stable  clones  expressing  mutant  galectin-3  and  comparison  with  parental  BT549  cells  and 
transfectants  of  galectin-3  cDNA.  (A)  Schematic  representation  of  the  BH1  domain  and  its  similarity 
with  carbohydrate-binding  domain  of  galectin-3.  The  NWGR  motif  which  is  responsible  for  anti- 
apoptotic  function  of  Bcl-2  was  marked  by  bold.  An  amino-acid  substitution  of  glycine  182  to 
alanine  is  shown  in  the  bottom  row.  (B)  Western  blot  analysis:  Galectin-3  with  an  amino-acid 
substitution  of  182  glycine  for  alanine  was  established  by  following  the  protocol  of  in  vitro  site- 
directed  mutagenesis  kit  (Stratagene,  La  Jolla,  CA),  and  tranfected  into  parental  BT549  cells  (26). 
Oligonucleotide  primers  for  PCR  were  sense  ( 5'-TGGATAATAACTGGGCAAGGGAAGAAAG- 
3')  and  antisense  (  5'-CTTTCTTCCCTTGCCCAGTTATTATCCA-3'  )  encoding  548-575 
nucleotides  in  human  galectin-3  cDNA  Mutant  galectin-3  in  stable  clones  were  detected  using  rat 
anti-galectin-3  as  shown  in  Fig.  1  A. 

(C)  Cell  viability  of  clones  expressing  mutant  galectin-3  ( — ♦ —  :  clone  #1,  — • —  :  clone  #3,  — □ — 

:  clone  #5)  with  25^M  CDDP  treatment  in  time-dependent  manner  and  comparison  with  parental 
BT549  ( — ■ — )  and  wildtype  galectin-3  transfectant  1 1914  cells  (12).  Viability  was  determined  as 
described  in  Fig.2  (24). 

Figure  5. 

Cleavage  of  PARP  and  precursor  CPP32/Yama  expressions  in  BT549  tranfectants  of  mutant 
galectin-3  cDNA.  Before  and  after  72  hours  exposure  to  25/jM  CDDP,  cleavage  of  PARP  and 
CPP32/Y ama  in  transfectants  was  examined  by  Western  blot  as  described  in  Fig.  3 . 
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Abstract.  Loss  of  the  wild-type  p53  activity  and/or 
overexpression  of  the  proto-oncogene  bcl- 2  are  frequently 
detected  in  breast  cancer  and  suggested  to  be  related  to 
chemotherapy  and  radiation  therapy  resistance.  To  identify 
the  downstream  signaling  molecules  for  anti-proliferative 
and  apoptotic  activities  of  p53  and  to  investigate  the 
interaction  of  bcl- 2  with  p53  in  human  breast  epithelial  cells, 
we  have  used  the  MCF10A  cell  line.  We  previously  showed 
that  overexpression  of  bcl- 2  downregulates  expression  of 
p2iwAFi/ciPi  (a  CyCiin  dependent  kinase  inhibitor  which 
mediates  p53  dependent  G!  arrest)  and  suppresses  DNA 
damage-induced  apoptosis  in  MCF10A  cells.  In  the  present 
study,  we  constitutively  overexpressed  p21WAFI/cn>1  in  bcl- 2 
overexpressing  MCF10A  cells  to  determine  whether 
downregulation  of  p21WAF1/CIPI  is  necessary  for  the  anti 
apoptotic  activity  of  bcl- 2,  and  to  investigate  the  roles  of 
p21  wAFi/ciPi  jn  p53-mediated  cell  death  upon  irradiation. 
Overexpression  of  p21WAF1/cn>1  resulted  in  growth  inhibition, 
but  had  no  effect  on  bcl- 2  inhibition  of  apoptosis  following 
irradiation.  Also,  overexpression  of  p21WAF1/cn>I  did  not  affect 
the  dose-dependent  radiation-induced  cell  lethality  as 
determined  by  a  clonogenic  survival  assay.  These  results 
suggest  that  bcl- 2  downregulation  of  p21WAF1/CIP1  is 
independent  of  the  anti-apoptotic  activity  of  bcl- 2,  and  that 
p21WAFl/cn>1  is  not  involved  in  the  p53-mediated  cell  death 
pathway. 

Introduction 

One  of  the  most  frequent  genetic  defects  in  human  cancer  is 
loss  of  the  wild-type  activity  of  the  tumor  suppressor  gene 
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p53  (1).  Hoping  to  rescue  anti-oncogenic  and  apoptotic 
activities  of  p53  in  tumor  cells,  efforts  have  been  made  to 
identify  p53-downstream  signaling  molecules.  Since 
p21WAF1/CIPl  was  identified  as  a  p53  inducible  gene  (WAF1) 
(2),  independently  as  an  inhibitor  of  cyclin-dependent 
kinases  (CIP1)  (3,4)  and  also  as  a  gene  which  is  differentially 
expressed  during  cellular  senescence  (SDI1)  (5),  it  has  been 
in  demand  to  determine  the  roles  of  p21WAF1/cn>1  in  the  p53 
pathways.  The  deletion  of  the  p21WAF1/CIPl  gene  in  a  human 
colon  carcinoma  cell  line  results  in  complete  loss  of  Gt  arrest 
following  DNA  damage  (6).  In  contrast,  overexpression  of 
p21WAF1/CIP1  results  in  increases  in  the  Gj  cell  population, 
suppression  of  anchorage-independent  growth  and  inhibition 
of  tumor  cell  growth  in  vitro  and  in  nude  mice  (2,7),  clearly 
suggesting  that  p21WAF1/cn>1  induces  Gj  arrest  and  mediates 
anti-proliferative  activity  of  p53.  We  have  previously  shown 
that  expression  of  p21WAF1/CIP1  is  downregulated  by 
overexpression  of  the  anti-apoptotic  gene  bcl- 2  in  human 
breast  epithelial  cells  (MCF10A  cells)  (8).  In  this  study,  we 
have  investigated  whether  bcl- 2  down-regulation  of 
p2 1  wafi/cipi  jS  associated  with  bcl- 2  inhibition  of  p53- 
mediated  apoptosis  following  DNA  damage.  We  also 
examined  whether  levels  of  p21WAF1/CIP1  affect  clonogenic 
survival  of  human  breast  epithelial  cells  upon  irradiation. 

Materials  and  methods 

Transfection.  The  human  p21WAFI/cn>1  under  the  control  of  the 
SV-40  promoter  (provided  by  Dr  B.  Vogelstein,  Johns 
Hopkins  University)  together  with  hygromycin  resistant 
vector  were  introduced  into  the  pooled  population  of  bcl- 2 
overexpressing  MCF10A  cells.  Establishment  and 
characterization  of  bcl- 2  overexpressing  MCF10A  cells  were 
previously  reported  (8).  For  transfection,  5xl05  cells  were 
plated  on  a  100  mm  dish.  Next  day,  cells  were  washed  with 
DMEM/F12  medium  three  times  and  overlaid  with  5  ml  of 
DMEM/F12  medium  containing  15  [ig  of  p21WAF1/CIPI 
expression  vector,  5  |Ltg  of  hygromycin  resistant  vector  and 
20  |il  of  lipofectin  (Sigma,  MO).  Six  to  eight  hours  later, 
medium  was  replaced  with  regular  MCF10A  medium  and 
cells  were  grown  for  2  days.  Transfectants  were  selected  in 
the  presence  of  100  p.g/ml  hygromycin  (Sigma,  MO). 
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Western  blot  analysis  of  p21WAFI/CIP1.  To  prepare  whole-cell 
lysates,  exponentially  growing  cells  were  lysed  using  SDS 
sample  buffer  at  a  volume  of  lxlO6  cells/50  |Ltl»  Protein 
concentration  was  measured  using  protein  assay  reagents 
(Pierce,  IL).  Cell  extracts  were  boiled  for  10  min  and  chilled 
on  ice,  subjected  to  SDS  PAGE  analysis,  and  then 
electrophoretically  transferred  to  nitrocellulose  membrane. 
Levels  of  p2 1 WAF1/CIP1  proteins  were  detected  using  anti- 
p2iwAFi/cn>i  antibody  (Ab-1  from  Oncogene  Science,  NY). 

Nuclear  staining.  Cells  were  plated  on  coverslips  in  a  6-well 
plate.  The  next  day,  cells  were  irradiated  at  a  dose  rate  of  2 
Gy/min  using  a  6-MeV  linear  accelerator.  One  day  after 
treatment,  cells  were  washed  with  PBS  and  fixed  with  4% 
paraformaldehyde  in  PBS  for  more  than  12  h  at  4°C.  Cells 
were  stained  with  1  p,g/ml  bisBenzimide  (Hoechst  33258)  in 
PBS  for  15  min  at  room  temperature  and  washed  with  PBS. 
The  cells  were  mounted  in  0.1%  phenylenediamine  and  90% 
glycerol  in  PBS.  Nuclear  morphology  was  examined  under 
UV  illumination  on  a  fluorescent  microscope. 

Western  blot  analysis  of  P ARP.  One  million  cells  were  plated 
on  a  T-75  flask.  The  next  day,  cells  were  irradiated  on  a 
Theratron  780, 60Co  teletherapy  machine  at  a  dose  rate  of  65 
cGy/min.  One  day  after  irradiation,  whole  cell  lysates  were 
prepared  from  floating  cells  and  adherent  cells  separately. 
Western  blot  analysis  was  performed  as  described  above  and 
cleavage  of  PARP  protein  was  determined  using  anti-PARP 
antibody  (C-2-10  form  Biomol  Research  Lab,  PA). 

Cell  survival  determination.  Cells  were  irradiated  at  room 
temperature  with  a  GE  Maximar  250-III  orthovoltage  X-ray 
unit  (general  Electric,  Chicago,  IL)  at  a  dose  rate  of  1.17 
Gy/min.  The  tube  voltage  was  250  kVp,  current  was  15  mA, 
and  added  filtration  was  0.25  mm  Cu.  The  radiation  dose 
ranged  from  0  to  8  Gy  administered  in  a  single  fraction. 

Two  days  prior  to  the  experiment,  cells  were  plated  into 
T-25  flasks.  After  irradiation  exposure,  cells  were 
trypsinized,  counted,  and  appropriate  dilutions  were  made. 
The  appropriate  number  of  cells  were  plated  into  two 
replicate  T-25  flasks  containing  medium  and  feeder  cells 
(irradiated  with  25  Gy)  which  were  prepared  a  day  prior  to 
the  experiment.  The  number  of  feeder  cells  was  adjusted  so 
that  a  total  of  lxlO5  cells  (feeder  cell  plus  the  test  cells)  were 
plated.  After  1-3  weeks  of  incubation  at  37°C  [8-9  days  for 
control  vector  transfected  cells  (py3),  2-3  weeks  for 
p2 1  wafi/cipi  transfected  cells  (clone  #2  and  pooled 
population)],  colonies  were  stained  and  counted.  All  survival 
experiments  were  performed  in  triplicate  or  quadruplicate. 
Plating  efficiencies  for  py3,  p21  #2,  p21-pp  were  0.49,  0.47 
and  0.46  respectively. 

Results  and  Discussion 


A 


B.  I  2  4  5 


Figure  1.  Western  blot  analysis  of  p21WAF1/CIP1.  A,  The  levels  of  p21 
WAF1/CIP1  protein  were  determined  in  the  control  vector  (py3)  transfected 
bcl- 2  overexpressing  MCF10A  cells  (lane  1)  and  p21WAF1/crpI  transfected 
clones  (lane  2,  clone  #2;  lane  3,  clone  #4;  lane  4,  clone  #  6;  lane  5,  pooled 
population).  B,  In  order  to  confirm  the  amount  of  protein  loaded  in  each 
lane,  the  same  filter  was  reprobed  with  anti-8-actin  antibody. 


Days 

Figure  2.  Effects  of  p21WAF1/CIP1  overexpression  on  the  growth  rates.  lxlO5 
cells  were  plated  on  100-mm  plates  and  cultured  using  MCF10A  medium  as 
previously  described  (8-10).  Cell  numbers  were  counted  daily  and  mean 
values  of  triplicate  are  shown  plotted  against  time.  Error  bars  represent 
standard  deviation  of  the  mean  of  triplicate  (error  bars  smaller  than  the  size 
of  symbols  are  not  shown). 
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To  elucidate  the  critical  components  in  the  p53-mediated 
signal  transduction  pathways  and  their  roles  in  p53  mediated 
cell  growth  inhibition  and  cell  death  in  breast  epithelial  cells, 
we  used  MCF10A  cells.  The  MCF10A  cell  line  is  a 
spontaneously  immortalized  cell  line  that  was  derived  from 
diploid  human  breast  epithelial  cells  (9,10).  Overexpression 


of  the  death  suppressing  gene  bcl- 2  in  these  cells  resulted  in 
downregulation  of  p21WAF1/CIPl  expression  and  inhibition  of 
apoptotic  cell  death  (ref.  8;  Fig.  3A  and  B,  and  Fig.  4).  We 
have  addressed  the  question  of  whether  bcl- 2  downregulation 
of  p21WAF1/CIP1  is  necessary  for  bcl- 2  inhibition  of  apoptosis 
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Figure  3.  Overexpression  of  p21WAF1/CIP1  does  not  affect  bcl- 2  inhibition  of 
radiation-induced  apoptosis.  Nuclear  morphologies  of  irradiated  MCF10A 
(A),  py3  (B)  and  p21-pp  (C)  cells  were  examined  using  bisBenzimide. 
Arrows  indicate  fragmented  nucleus  of  apoptotic  cells. 


following  irradiation.  To  this  end,  we  introduced  an  SV-40 
promoter  driven  p21WAF1/CIP1  expression  vector  together  with 
hygromycin  resistant  vector  (Py3)  into  bcl- 2  overexpressing 
MCF10A  cells.  Transfectants  were  selected  with  hygromycin 
and  individual  clones  were  isolated.  The  level  of  p21WAF1/CIP1 
was  determined  using  Western  blot  analysis  (Fig.  1)  and  the 
clone  #2  was  used  for  the  following  studies.  To  rule  out  the 
possibility  of  clonal  variation,  a  dozen  individual  clones  were 
pooled  together  and  also  included  in  this  study.  Hereafter, 
control  vector  alone  transfected  bcl- 2  overexpressing 
MCF10A  cells  are  referred  as  py3,  clone  #2  which  is  the 
p21WAFi/cipi  transfected  bcl- 2  overexpressing  MCF10A  clone 
as  p21-#2,  and  the  mixture  of  12  clones  which  are 
p2iwAFi/cn>i  transfected  bcl- 2  overexpressing  MCF10A  cells 


as  p21-pp.  Although  both  the  basal  level  of  the  p21WAF1/cn>1 
protein  from  cells  grown  at  confluence  and  radiation-induced 
expression  of  p21WAFl/CIP!  were  dramatically  suppressed  by 
bcl- 2  (8),  the  p21WAFl/CIPi  protein  was  detectable  in  the 
exponentially  growing  bcl- 2  overexpressing  cells  (Fig.  1, 
lane  1).  The  level  of  p21WAF1/cn>1  in  p21-#2  or  p21-pp  was 
approximately  5  fold  higher  than  that  in  py3.  To  determine 
whether  p21WAF1/CIP1  has  anti-proliferative  activity  in  bcl- 2 
overexpressing  breast  epithelial  cells,  the  growth  curves  of 
py3,  p21-#2  and  p21-pp  were  determined.  As  shown  in  Fig.  2, 
p21WAF1/CIP1  overexpression  resulted  in  marked  growth 
inhibition  of  bcl- 2  overexpressing  MCF10A  cells. 

If  bcl- 2  downregulation  of  p21WAFI/CIPl  is  necessary  for 
inhibition  of  radiation-induced  apoptosis,  bcl- 2  would  fail  to 
prevent  apoptosis  in  the  presence  of  high  levels  of 
p21WAFI/CIP1.  If  this  is  the  case,  p21WAF1/cn>1  transfected  bcl- 2 
MCF10A  cells  would  undergo  apoptotic  cell  death  following 
radiation  as  do  control  MCF10A  cells.  However,  if  bcl- 2 
down-regulation  of  p21WAF1/CIP1  is  not  associated  with  bcl- 2 
inhibition  of  apoptosis,  transfection  of  p21WAF1/cn>1  would  not 
alter  the  ability  of  bcl- 2  to  protect  apoptotic  cell  death  upon 
irradiation.  As  shown  in  Fig.  3A,  the  nuclei  of  the  parental 
MCF10A  cells  undergo  apoptotic  cell  death  following 
radiation  exposure.  The  nuclei  of  MCF10A  cells  were 
fragmented  into  brightly  stained  round  compartments,  which 
is  consistent  with  nuclear  morphological  changes  in  apoptotic 
cells  (11).  No  apoptotic  cells  were  detected  in  Py3  and  p21- 
pp  following  radiation  exposure.  These  data  showthat  bcl- 2 
downregulation  of  p21WAFI/CIPl  is  not  required  for  bcl- 2 
inhibition  of  apoptosis  in  breast  epithelial  cells.  To  further 
support  the  conclusion  that  bcl- 2  inhibits  radiation-induced 
apoptosis  in  the  presence  of  a  high  level  of  p21WAF1/CIP1 
expression,  we  examined  the  apoptosis-specific  cleavage  of 
poly(ADP-ribose)  polymerase  (PARP),  since  this  cleavage  is 
believed  an  early  event  in  apoptosis  resulted  from  activation 
of  interleukin  1-converting  enzyme  (ICE,  caspase)/ced-3 
family  (15).  As  shown  in  Fig.  4,  PARP  was  processed 
proteolytically  in  floating  MCF10A  cells  undergoing 
radiation-induced  cell  death.  PARP  cleavage  was  inhibited  in 
MCF10A  cells  stably  expressing  bcl- 2  alone  or  together  with 

p2JWAFl/CIPl 

Radiation-induced  apoptosis  is  not  dose  dependent  and 
causes  a  relatively  small  reduction  in  clonogenic  survival. 
The  dose  dependent  radiation-induced  cell  lethality  appears 
to  be  induced  by  mitotic-linked  death  resulting  from  loss  of 
genetic  information  (12).  The  tumor  suppressor  gene  p53  is 
associated  with  increased  radiosensitivity  in  clonogenic 
survival  assay,  although  the  underlying  mechanism  is  not 
clear  (13).  Although  it  was  shown  that  expression  of 
p21WAFl/CIPl  is  highly  induced  upon  irradiation  in  a  p53 
dependent  manner  (8,16),  the  effect  of  p21WAF1/cn>1  induction 
on  radiosensitivity  has  not  been  determined.  To  examine  the 
effect  of  p21WAF1/CIP1  on  the  radiosensitivity  of  breast 
epithelial  cells,  we  determined  the  dose-survival  curves  for 
py3,  p21  #2  and  p21-pp  after  radiation  exposure.  The 
multitarget  dose-survival  curve  parameters  D0  (the  reciprocal 
of  the  slope)  and  n  (the  extrapolation  number)  were  extracted 
from  the  data  shown  in  Fig.  4.  The  values  of  D0  an  n  for  py3 
were  2.4  Gy  and  1.8  respectively.  Survival  curves  for  py3 
and  p21WAF1/CIP1  transfected  cells  were  essentially 
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Figure  4.  Apoptosis-specific  cleavage  of  PARP  in  MCF10A  cells  undergoing  radiation-induced  cell  death.  Western  blot  analysis  of  PARP  protein  was 
performed  to  detect  apoptosis-specific  cleavage  of  PARP.  The  adherent  cells  and  floating  cells  were  collected  separately  at  24  h  after  irradiation  at  6  Gy.  A, 
Adherent  MCF10A  cells  without  irradiation  (lane  1)  and  with  irradiation  (lane  2).  B,  Floating  MCF10A  cells  without  irradiation  (lane  1)  and  with  irradiation 
(lane  2).  C,  Adherent  py3  cells  without  irradiation  (lane  1)  and  with  irradiation  (lane  3),  floating  py3  cells  without  irradiation  (lane  2)  and  with  irradiation 
(lane  4),  adherent  p21-#2  cells  without  irradiation  (lane  5)  and  with  irradiation  (lane  7),  floating  p21-#2  cells  without  irradiation  (lane  6)  and  with  irradiation 
(lane  8),  adherent  p21-pp  cells  without  irradiation  (lane  9)  and  with  irradiation  (lane  11),  floating  p21-pp  cells  without  irradiation  (lane  10)  and  with 
irradiation  (lane  12). 


RADIATION  DOSE  (Gy) 

Figure  5.  Cell  survival  curves  following  irradiation.  Py3  (■),  p21-#2  (A)  and 
p21-pp  (V)  cells  were  exposed  to  X-rays.  Error  bars  represent  standard 
deviation  of  the  mean  of  three  or  four  separate  experiments. 


superimposable  for  all  radiation  doses.  These  results  show 
that  p21WAFl/CIPI  expression  does  not  affect  intrinsic 
radiosensitivity  in  these  cells.  This  is  consistent  with  the 
observation  that  p21WAF1/CIP1  is  dispensable  for  radiation 
induced  apoptosis,  although  it  is  critical  for  p53-mediated 
cell  cycle  arrest  (6,14,17,18).  Our  study,  however,  does  not 
exclude  the  possibility  of  involvement  of  p21WAF1/CIP1  in 
apoptosis  induced  by  other  stimuli.  For  example,  when  the 
E2F-1  encoding  gene  is  introduced  into  cells  that  contain  a 
temperature-sensitive  p53  allele,  coexpression  of  the  wild- 
type  p53  protein  and  transcription  factor  E2F  induces 
apoptosis,  suggesting  that  when  the  E2F-1  signal  to  enter  the 
S  phase  confronts  a  p53-imposed  delay  of  entry  into  S  phase, 


p53  and  E2F-1  together  signal  apoptosis  (19).  p21WAF1/CIP1 
may  be  critical  for  p53/E2F-l  induced  apoptosis  through  its 
involvement  in  p53-mediated  G{  arrest.  p21WAF1/cn>1  may  be  a 
general  regulator  of  apoptosis  that  is  induced  by  G/S 
deregulation.  Recently,  involvement  of  p21WAF1/CIP1  in 
apoptosis  (20)  or  DNA  repair  (21)  was  also  reported  in 
retinoblastoma-negative  human  sarcoma  cells  (20).  Whether 
or  not  p21WAF1/cn>1  regulates  other  apoptosis  pathways,  our 
data  clearly  suggest  that  p21WAFI/CIPI  is  not  involved  in 
radiation-induced  cell  death  in  human  breast  epithelial  cells. 
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Platelet-derived  growth  factor  (PDGF)  signals  a  diversity  of  cellular  responses  in  vitro,  including  cell  prolifera¬ 
tion,  survival,  transformation,  and  chemotaris.  PDGF  functions  as  a  “competence  factor”  to  induce  a  set  of  early 
response  genes  expressed  In  G,  including  P21WAF1/C,p\  a  functional  mediator  of  the  tumor  suppressor  gene  p53 
in  G./S  checkpoint  For  PDGF-stimulated  cells  to  progress  beyond  G,  and  transit  the  cell  cycle  completely, 
progression  factors  in  serum  such  as  insulin  and  IGF-1  are  required.  We  have  recently  shown  a  novel  role  of 
PDGF  in  inducing  apoptosis  in  growth-arrested  murine  fibroblasts.  The  PDGF-induced  apoptosis  is  rescued  by 
insulin,  suggesting  that  Gt/S  checkpoint  is  a  critical  determinant  for  PDGF-induced  apoptosis.  Because  recent 
studies  suggest  that  radiation-induced  signal  transduction  pathways  Interact  with  growth  factor-mediated 
signaling  pathways,  we  have  investigated  whether  activation  of  the  PDGF-signaling  facilitates  the  radiation- 
induced  apoptosis  in  the  absence  of  functional  p53.  For  this  study  we  have  used  the  125-IL  cell  fine,  a  mutant 
p53-containing,  highly  metastatic,  and  hormone-unresponsive  human  prostate  carcinoma  cell  line.  PDGF  sig¬ 
naling  is  constitutively  activated  by  transfection  with  a  p28T‘*<*  expression  vector,  which  was  previously  shown  to 
activate  PDGF  o-  and  0-  receptors.  Although  the  basal  level  of  P21WAFI/Clp  1  expression  and  radiation-induced 
apoptosis  were  not  detectable  in  control  125-EL  cells  as  would  be  predicted  in  mutant  P53-containing  cells, 
activation  of  PDGF-signaling  induced  expression  of  p21WA^1/CIP,  and  radiation-induced  apoptosis.  Our  study 
suggests  that  the  level  of  “competence”  growth  factors  Including  PDGF  may  be  one  of  the  critical  determinants 
for  radiation-induced  apoptosis,  especially  in  cells  withlpss  etpfl  function  at  the  site  of  radiotherapy  in  vivo.  J© 

1997  Elsevier  Science  Inc.  "'v 

_  — ■  Platelet-derived  growth  factor,  Radiation-Induced  apoptosis/  Human  prostate  cancer  cells. 

INTRODUCTION  \  than  and  transformation,  PDGF  signals  diverse  cellular 


Platelet-derived  growth  factor  (PDGF)  is  composed  of  three 
dimeric  polypeptide  chains,  the  homodimers  PDGF  AA  and 
BB,  and  the  heterodimer  PDGF  AB.  The  A-  and  B-chains  of 
PDGF  are  approximately  50%  identical  in  amino  acid  se¬ 
quence  and  have  perfect  conservation  of  cysteine  residues 
(7, 16).  The  PDGF  isoforms  interact  differentially  with  each 
of  two  (a  and  0)  PDGF  receptors.  PDGF  BB  binds  with 
high  affinity  to  the  PDGF  at  and  0  receptors,  whereas  PDGF 
AA  interacts  effectively  only  with  the  PDGF  a  receptor  (5,. 
25).  The  B-chain  is  92%  homologous  to  the  oncogene 
product  (p28v‘$is)  of  the  simian  sarcoma  virus,  establishing 
a  causative  role  of  growth  factors  in  malignancy.  p28  s  / 
PDGF  BB  interacts  with  the  PDGF  receptors  intracellularly 
and  induces  transformation  (8,  9).  In  addition  to  prolifera- 
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tj0h  and  transformation,  PDGF  signals  diverse  cellular 
responses  in  vitro,  including  chemotaxis  and  cell  survival 
that  correlate  with  proposed  functional  roles  of  PDGF  in 
vivo  in  normal  development,  inflammation,  and  wound  heal¬ 
ing  and  in  the  abnormal  cell  migration  and  proliferative 
responses  characteristic  of  atherosclerosis,  fibrosis,  and  neo¬ 
plasia  (7,  16). 

PDGF  functions  in  serum  starved  cells  as  a  “compe¬ 
tence”  factor  to  stimulate  expression  of  a  set  of  immediate 
early-response  genes  including  c-myc,  c -fos,  and  actin  dur¬ 
ing  Gq/G,  transition  (12,  18,  21,  29).  The  mRNA  levels  of 
these  genes  are  sharply  reduced  as  cells  transit  through 
G,/S.  For  PDGF  to  stimulate  cells  to  progress  beyond  late 
G,  and  transit  the  cell  cycle  and  divide,  progression  fac¬ 
tors  in  serum  such  as  insulin  and  IGF  are  required  (29).  We 
have  recently  shown  a  novel  role  for  PDGF  in  inducing 
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•  apoptosis  in  growth  arrested  murine  fibroblasts  (19).  Insulin 
rescues  PDGF-induced  apoptosis,  suggesting  that  G,/S 
checkpoint  is  an  important  determinant  for  PDGF-induced 
apoptosis  (19). 

Radiation  induces  not  only  postmitotic  cell  death  but  also 
other  cellular  responses  including  apoptosis,  proliferation, 
inflammatory  reaction,  and  fibrosis.  Increasing  evidence 
suggests  that  diverse  responses  of  tumor  cells  following 
irradiation  result  from  activation  of  different  signal  trans¬ 
duction  pathways  depending  on  genetic  background  of  the 
cells  [reviewed  in  (17)].  Irradiation  of  tissue  containing  H20 
generates  reactive  oxygen  species  or  free  radical  that  inter¬ 
act  with  cellular  organelles  including  membrane  and  DNA. 
Radiation-induced  signaling  initiated  from  cytoplasmic 
membrane  activates  enzymes  (e.g.,  PKC,  raf-1  kinase)  that 
are  involved  in  growth  factor-mediated  signal  transduction 
pathways,  suggesting  an  interaction  between  radiation-sig¬ 
naling  and  growth  factor-signaling  [reviewed  in  (14)]. 

One  of  the  most  critical  signaling  molecules  in  radiation- 
induced  cellular  responses  is  the  tumor  suppressor  gene 
product  p53.  Following  irradiation,  p53  induces  apoptosis 
or  regulates  a  G,  checkpoint  that  arrests  the  cell  cycle  prior 
to  the  initiation  of  DNA  synthesis.  p53  induces  transcription 
of  its  effector  genes  such  as  GADD45  and  p21WAF1/CIPI. 
•p21WAF1/CIPl,  an  inhibitor  of  cyclin-dependent  kinases,  is  a 
functional  mediator  of  p53-dependent  cell  cycle  regulation 
at  Gt/S  checkpoint  following  irradiation  (10,  13,  15,  32). 
While  DNA  damage-induced  expression  of  p2lWAF1/CIP1 
depends  on  the  wild-type  p53  function,  p21WAF1/CIP1  can 
be  induced  in  a  p53-independent  manner  by  serum  or  puri¬ 
fied  growth  factors,  including  PDGF,  EGF  (epidermal 
growth  factor),  and  FGF  (fibroblast  growth  factor),  but  not 
insulin  (26). 

Unlike  radiation-induced  cell  cycle  regulation  at  Gt/S, 
radiation-induced  apoptosis  is  still  not  understood,  although 
the  wild-type  activity  of  p53  appears  to  be  critical.  Recent 
studies,  however,  show  that  p53-independent  apoptotic 
pathways  exist  following  irradiation  (22,  28).  hi  this  study, 
we  investigated  whether  PDGF  signaling  is  involved  in 
activation  apoptotic  cell  death  following  irradiation  in 
125-IL  cells.  125-IL  is  a  highly  metastatic  subclone  of  the 
human  prostate  carcinoma  cell  line  PC-3  (30).  PC-3  cells 
carry  a  nucleotide  deletion  at  the  codon  138  in  the  p53  gene 
and  125-IL  has  an  additional  mutation  at  the  codon  223  (4). 
Growth  of  PC-3  and  125-EL  cells  are  androgen  independent 
_  in  vitro  and  in  animal  (30).  Because  it  is  clinically  important 
'  to  understand  apoptotic  cell  death  in  mutant  p53-containing, 
qC  hormone-independent,  and  highly  metastatic  prostate  carci- 
y  noma  cells,  125-IL  cells  were  chosen  for  this  study.  To 
V-  activate  PDGF  signaling  in  these  cells,  we  trancfocted- 
an  p28v~s’-s  which  was  previously  well  characterized  to  induce 
PDGF  signaling  by  intracellular  activation  of  the  PDGF 
receptors  (2,  20).  We  now  report  that  activation  of  PDGF 
signaling  induces  apoptotic  cell  death  following  irradiation. 
This  study  suggests  that  growth  factors  in  vivo  may  regulate 
cell  fate  positively  or  negatively  at  the  sites  of  chemo- 
and/or  radiotherapy. 
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Fig.  1. 125-IL  cells  lost  the  wild-type  p53  activity.  (A)  125-IL  cells 
were  collected  at  0  (lane  1)  and  6  h  (lane  2)  after  irradiation  at  a 
dose  of  2  Gy  using  a  6  MeV  electron  beam.  MCF7  cells  were  also 
collected  at  0  (lane  3)  and  6  h  (lane  4)  after  irradiation.  Cells  are 
lysed  in  SDS  gel  electrophoresis  buffer.  The  proteins  were  frac¬ 
tionated  on  a  16%  SDS-polyacrylamide  gel,  electrophoretically 
blotted  to  nitrocellulose,  and  probed  with  anti-p21WA<:i/apl  anti¬ 
body.  (B)  To  control  the  amount  of  proteins  loaded  in  each  lane, 
the  identical  blot  was  probed  with  antiglyceraldehyde  3-phosphate 
dehydrogenase  (GAPDH)  antibody  (Biologicals,  MA). 


METHODS  AND  MATERIALS 
Transfection 

The  v-sis  gene  under  the  control  of  the  Moloney  murine 
leukemia  virus  long  terminal  repeats  (2)  was  introduced  into 
125-IL  cells  (generously  provided  by  Dr.  J:  Ware  at  the 
Medical  College  of  Virginia)  using  Lipofectin  (Sigma);  5  x 
10s  cells  were  plated  on  100-mm  dishes  as  previously 
described  (20).  The  next  day  cells  were  washed  with  serum- 
free  medium  and  overlaid  with  5  ml  of  DMEM  containing 
10  /xg  of  the  v-sis  expression  vector  DNA  and  20  /xl  of 
Lipofectin.  After  6  h,  media  was  replaced  with  RPMI 1640 
containing  5%  fetal  bovine  serum.  Stable  transfectants  were 
selected  in  the  presence  of  250  /ig/ml  G418  (geneticin 
sulfate). 

Western  blot  analysis 

To  prepare  whole  cell  extracts,  cells  were  lysed  using 
SDS  sample  buffer  at  a  volume  of  1  x  106  cells/100  /xl. 

A.  1  2 
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GAPDH 


Fig.  2.  Activation  of  PDGF-signaling  path^gy  induces  p21WAF1/CIP1 
in  125-IL  cells.  Control  flane  i)  and  p2§vjiyexpressing  125-IL  cells 
Oane  2)  were  cultured  in  serum  free  medium  for  2  days  before  protein 
extraction.  Western  blot  analysis  was  performed  as  described  in  Fie. 
1.  (A)  Levels  of  p21WAF1/aF1  was’detected  with  anti-p21WAF1/c  1 
antibody.  (B)  To  control  the  amount  of  proteins  loaded  in  each  lane, 
the  identical  blot  was  probed  with  antiglyceraldehyde  3-phosphate 
dehydrogenase  (GAPDH)  antibody  (Biologicals,  MA). 
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Fig.  3.  Activation  of  PDGF-signaling  pathway  induces  apoptosis  in  125-IL  cells.  Control  (a-c)  and  p28  -expressing 
(d-0  125-IL  cells  were  plated  on  a  coverslip  using  RPMI  medium  containing  5%  fetal  calf  setum.  Next  day,  medium 
was  replaced  with  serum-free  RPMI  medium.  Two  days  later,  cells  were  irradiated  at  2  Gy  (b  and 1  e)  and  4  Gy  (c  and 
0.  At  21  h  of  irradiation,  cells  were  fixed  and  nuclei  were  stained  with  Bisbenzimide  (Hoechst  33258). 


Protein  concentration  was  measured  using  BCA  protein 
Assay  Reagents  (Pierce,  IL).  Cell  extracts  were  boiled  for 
10  min  and  chilled  on  ice,  subjected  to  16%  SDS-PAGE 
analysis,  and  then  electrophoretically  transferred  to  nitro¬ 
cellulose  membrane.  The  p21WAF1/aE>1  protein  was  detected 
using  anti-p21WAF1/CIP1  antibody  (Ab-1  from  Oncogene 
Science). 


Nuclear  staining 

125-DL  and  v-sis  expressing  125-IL  cells  were  plated 
on  coverslips  in  a  six-well  plate.  The  next  day  cells  were 
washed  with  PBS  and  incubated  with  serum-free  medium 
for  2  days.  Cells  were  then  irradiated  at  2  Gy  and  4  Gy 
using  a  6  MeV  electron  beam.  One  day  postirradiation, 
cells  were  washed  with  PBS  and  fixed  with  4%  parafor¬ 
maldehyde  in  PBS  for  at  least  12  h.  The  coverslips  were 
removed  from  the  plate  and  cells  were  exposed  to  1 
p,g/ml  2'-(4-hydroxyphenyl)-5-(4-methyl-l-piperazinyl)- 
2,5 ' -bi-  l//-benzimidazole  trihydrochloride  pentahydrate 
(Bisbenzimide,  Hoechst  33258;  Molecular  Probes,  Eu¬ 
gene,  OR)  in  PBS  for  15  min  at  room  temperature,  and 
washed  with  PBS.  The  cells  were  mounted  in  0.1% 
p-phenylene  diamine  and  90%  glycerol  in  PBS.  Nuclear 


morphology  was  examined  under  UV  illumination  on  a 
fluorescent  microscope. 

Electron  microscopy 

Control  and  v-sis-expressing  125-IL  cells  were  irradi¬ 
ated  at  6  Gy.  The  following  day,  cells  were  scraped  from 
cultures  and  washed  three  times  with  Hanks  balanced 
salt  solution  (HBSS).  The  corresponding  cell  pellets 
were  resuspended  in  10  vol  of  fresh  1.0%  glutaralde- 
hyde-1.25%  paraformaldehyde  in  0.1  M  sodium  cacody- 
late  buffer  (pH  7.4)  and  allowed  to  fix  overnight  at  4°C. 
Cells  were  washed  in  cacodylate  buffer,  postfixed  with 
2%  aqueous  osmium  tetroxide  for  1  h,  dehydrated 
through  a  graded  ethanol  series,  and  embedded  in  epoxy. 
Ultrathin  sections  were  cut,  contrasted  with  uranyl  ace¬ 
tate  and  lead  citrate,  viewed,  and  photographed  with  a 
Philips  EM  400. 

RESULTS 

To  investigate  the  effects  of  activation  of  PDGF-signal¬ 
ing  on  radiation-induced  apoptosis  in  mutant  p53-contain- 
ing  tumors,  we  chose  a  prostate  cancer  cell  line  (125-IL), 
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which  contains  mutations  in  the  p53  gene  (4).  To  confirm 
that  125-IL  cells  do  not  have  a  wild-type  function  of  p53, 
the  induction  of  p53-dependent  gene  expression  ugonjura- 
diation  was  examined  (11).  As  shown  in  Fig.  l,Jp21WAF1/ 
cipi  gene  expression  was  not  induced  following  irradiation 
in  125-IL  cells,  whereas  it  was  highly  induced  in  MCF7 
cells  that  possess  the  wild-type  p53  gene  (1).  This  result 
shows  that  125-IL  cells  lost  the  wild-type  p53  activity,  as 
would  be  expected  from  sequencing  analysis  of  p53  gene  in 
these  cells  (4).  The  basal  level  of  p21WAF1/apl  in  125-IL 
cells  was  significantly  lower  than  the  level  in  MCF7  cells 
(Fig.  1,  lanes  1  and  3),  a  finding  that  is  consistentwithjthe 
published  observation  that  the  basal  expression  offp3l*AF1/ 
opi  is  dependent  on  the  wild-type  p53  function  (11). 

PDGF  signaling  was  constitutively  activated  in  125-IL 
cells  by  transfection  with  p28v*sis  expression  vector.  p28v'sis 
expression  vector  was  chosen  because  it  was  previously 
well  studied  that  the  p28v'“  gene  product  interacts  with 
PDGF  receptors  and  activates  signal  transduction  pathways 
(2,  20).  After  selection  for  cells  with  stably  integrated 
plasmids,  more  than  200  clones  were  pooled  together.  Be¬ 
cause  it  was  previously  reported  that  PDGF  induces  expres¬ 
sion  of  p21WAF1/CIPl  independent  of  p53  (26),  we  examined 
the  levels  of  p2lWAFl/CIPi  expression  in  these  transfected 
cells  to  assure  activation  of  PDGF  signaling.  To  exclude 
effects  of  growth  factors  (including  PDGF)  in  serum,  con¬ 
trol  and  p28v  sis-expressing  125-IL  cells  were  cultured  in 
serum-free  medium  for  2  days  prior  to  protein  extraction.  As 
shown  in  Fig.  2,  the  basal  level  of  p2iWAF1/cn>*  was  sig¬ 
nificantly  induced  by  intracellular  expression  of  p28v‘“  in 
those  cells..  This  result  shows  that  overexpression  of  ligand 
constitutively  activated  PDGF  signaling  in  125-IL  cells. 

We  then  explored  the  possibility  that  activation  of  PDGF 
signaling  facilitates  radiation-induced  apoptosis  in  these 
cells.  Because  morphological  assessment  of  dying  cells  is 
believed  to  be  the  most  reliable  method  to  detect  apoptosis 
(24),  the  nuclear  morphological  changes  of  control  and 
p28v*si5-expressing  125-IL  cells  were  analyzed  following 
irradiation.  As  shown  in  Fig.  3,  radiation  did  not  induce 
nuclear  morphological  changes  characteristic  of  apoptosis 
in  control  125-IL  cells  as  expected  from  cells  with  loss  of 
the  wild-type  p53  activity.  In  contrast,  the  nuclejjs  ofjp28v' 


Table  1.  Effects  of  activation  of  PDGF  signaling  pathway  on 
radiation-induced  apoptosis  in  125-IL  cells _ 


Cell 

Radiation 

No.  of 

apoptotic  cells/ 
total  cells  counted 

%  Apoptosis 

125-IL 

p28v',i*- 125-DL 

no 

2  Gy 

4  Gy 
no 

2  Gy 

4  Gy 

0/80,*Tb/76,  0/88 
0/90,1  0/81,  0/72 
1/34,0/100,  0/50 
1/100,1  1/50,  1/68 
3/45,3/48,  5/100 
2/40,3/40.  6/100 

0% 

0% 

<1% 

1-2% 

5-7% 

5-8% 

Apoptotic  cells  were  identified  by  morphological  analysis  after 
21  h  of  irradiation  (as  shown  in  Fig.  3). 


Fig.  4.  Electron  micrograph  of  an  apoptotic  cell.  An  electron 
micrograph  of  a  control  125-IL  cell  (A)  and  PDGF-signaling 
activated  125-IL  cell  (B)  following  irradiation.  The  inset  shows 
fragmented  and  condensed  chromatin  (asterisk)  at  higher  magni¬ 
fication  where  a  well-defined  nuclear  envelope  can  be  seen  (ar¬ 
row). 

sii-expressing  125-IL  cells  were  condensed  and/or  frag¬ 
mented  into  brightly  stained  round  compartments  following 
irradiation.  Table  1  shows  an  apoptotic  index  established  by 
examining  nuclear  morphological  changes  of  control  and 
PDGF  signaling-activated  125-IL  cells.  Whereas  apoptotic 
cell  death  was  barely  detected  in  control  cells  upon  irradi¬ 
ation,  5-8%  of  PDGF  signaling-activated  125-DL  cells  com¬ 
mitted  to  apoptotic  cell  death  following  irradiation.  It  was 
noted  that  approximately  1-2%  of  PDGF  signaling-acti¬ 
vated  125-IL  cells  underwent  spontaneous  apoptotic  cell 
death  when  grown  in  serum-free  medium  for  3  days,  and 
that  radiation-induced  apoptosis  in  PDGF  signaling-acti¬ 
vated  125-IL  cells  does  not  appear  to  be  dose  dependent. 

Apoptotic  cell  death  was  also  confirmed  by  electron 
microscopic  analysis  (Fig.  4).  The  ultrastructural  appear- 
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ance  of  a  control  125-IL  cell  is  shown  in  Fig.  4A.  This  cell 
displayed  normal  morphology,  with  no  evidence  of  nwrocis 
-or  apoptotic  alterations  24  h  after  irradiation  at  6  Gy.  Some 
expansion  of  the  endoplasmic  reticulum  was  visible,  but  this 
was  minimal.  An  apoptotic  cell  of  PDGF  signaling-acti¬ 
vated  125  IL  cells  following  irradiation,  shown  in  Fig.  4B, 
displayed  markedly  different  morphological  features.  The 
cell  was  shrunken  and  condensed,  and  demonstrated  con¬ 
densation  of  chromatin  into  multiple  dense  masses.  At  high 
magnification  (inset)  an  intact  nuclear  membrane  surround¬ 
ing  these  nuclear  fragments  (arrow)  was  visible.  Blebbing  of 
the  plasma  membrane,  without  rupture,  and  the  presence  of 
intact,  membrane-limited  lysosomal  structures  were  charac¬ 
teristic  of  apoptotic  cells.  The  present  study  show  that 
activation  of  PDGF  signaling  interacts  with  radiation-in¬ 
duced  signaling  pathway,  resulting  in  apoptotic  cell  death  in 
mutant  p53  containing  human  prostate  cancer  cells.  These 
results  suggest  the  potential  of  growth  factor  overexpression 
in  cancer  cells  to  regulate  cell  proliferation  and  fate  at  the 
site  of  radiotherapy. 

DISCUSSION 

In  addition  to  the  roles  of  PDGF  in  proliferation  and 
transformation,  PDGF  appears  to  regulate  cell  fate  when 
cells  are  within  unfavorable  environments  for  cell  growth 
(19).  In  this  study,  we  examined  the  effects  of  activation  of 
PDGF  signaling  on  radiation-induced  cellular  responses 
when  cell  growth  is  limited  by  culture  in  serum-free  me¬ 
dium  imposing  a  high  degree  of  cell  cycle  arrest  The 
condition  for  cell  cycle  arrest  was  chosen  instead  of  the 
conventional  condition  for  cell  survival  assay  using  loga¬ 
rithmically  growing  cells,  because  tumor  cell  environment 
in  vivo  undergoing  chemotherapy  or  radiation  therapy  may 
limit  the  potential  of  cells  to  completely  transit  the  cell 
cycle. 

There  is  mounting  evidence  that  regulation  of  apoptosis 
plays  an  important  role  in  tumor  cell  response  to  cytotoxic 
treatments.  The  genetic  defects  in  the  apoptotic  pathway  of 


tumor  cells  inversely  correlate  with  relapse-free  and  overall 
survival  after  treatment  (27).  p53  status  has  been  shown  to 
correlate  with  the  efficacy  of  cancer  therapy  in  vivo  (23). 
Following  irradiation,  p53  induces  gene  expression  for  G, 
arrest,  DNA  repair  activity,  and  apoptosis  (10,  11,  13,  15, 
32).  Recently,  however,  it  was  demonstrated  that  radiation- 
induced  apoptosis  can  occur  independent  of  p53  (22,  28). 
Our  studies  suggest  that  levels  of  “competence”  growth 
factors  such  as  PDGF  may  be  one  of  the  critical  determi¬ 
nants  for  radiation-induced  apoptosis  independent  of  p53. 
Although  many  apoptotic  stimuli  have  been  identified  in 
vitro,  the  biochemical  pathways  of  apoptosis  are  poorly 
defined.  This  report  suggests  experimental  strategies  to  in¬ 
vestigate  interactions  of  growth  factor-induced  signal  trans¬ 
duction  pathway  and  radiation-induced  signal  transduction 
pathway  leading  to  p53-independent  apoptosis.  Because 
loss  of  wild-type  activity  of  the  tumor-suppressor  gene  p53 
is  one  of  the  most  frequent  genetic  defects  in  human  cancer, 
understanding  the  p53-independent  apoptotic  pathway  will 
be  useful  to  develop  new  therapeutic  strategies  to  treat 
mutant  p53-containing  tumors. 

V*.  It  is  not  clear  whether  p21WAFI/CIP1  plays  a  role  in  PDGF- 
induced  apoptosis  following  irradiation.  As  suggested  in 
PDGF-induced  apoptosis  of  serum-starved  murine  fibro¬ 
blasts  (19),  G[/S  checkpoint  may  be  critical  in  PDGF- 
induced  apoptosis  following  irradiation.  In  this  case, 
p2i  wAFi/ciPt  may  ^  jnv0ived  in  the  regulation  of  Gt/S 
checkpoint  leading  to  apoptosis.  It  is  equally  possible  that 
PDGF  induces  apoptosis  following  irradiation  independent 
of  p2lWAF1/CIP1  and  cell  cycle  regulation,  as  p53  mediates 
radiation-induced  apoptosis  independent  of  p21WAF1/CIP1: 
p2jWAFi/api  js  dispensable  for  p53-dependent  apoptosis, 
whereas  it  plays  a  critical  role  in  p53-mediated  G[  arrest,  as 
demonstrated  in  p21WAF1/CIP1 -deficient  cell  lines  (3,  6,  31). 
Although  we  do  not  understand  the  mechanisms  at  the 
present  time,  our  results  suggest  important  insights  into  a 
potential  new  role  of  PDGF  in  the  regulation  of  tumor  cell 
growth  and  death  in  vivo  in  response  to  radiation  therapy. 
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